Abstract The present study was undertaken to develop edible nisin-microencapsulated beads in order to inhibit growth of Listeria monocytogenes in readyto-eat (RTE) ham. Different concentrations of nisin (16, 31, and 63 lg/ml) were microencapsulated into alginate-cellulose nanocrystal beads. Microencapsulation kept the available nisin (63 lg/ml) content 20 times greater compared with free nisin (63 lg/ml) during 28 days of storage at 4°C. Results showed that 63 lg/ml microencapsulated nisin exhibited 31.26 lg/ ml available nisin content after 28 days of storage at 4°C, whereas there was no available nisin content left for free nisin. Cooked ham slices were then coated by the microencapsulated nisin beads, inoculated with L. monocytogenes [*3 log colony-forming units (CFU)/g], and stored at 4°C under vacuum packaging for 28 days. The beads containing 16, 31, and 63 lg/ ml nisin significantly (P B 0.05) reduced the L. monocytogenes counts by 2.65, 1.50, and 3.04 log CFU/g after 28 days of storage compared with free nisin. Furthermore, microencapsulated nisin beads did not change the physicochemical properties (pH and color) of RTE ham during storage.
Introduction
The safety of ready-to-eat (RTE) meat products is of high concern due to the likelihood of contamination by dangerous foodborne pathogens such as Listeria monocytogenes. Such contamination mainly occurs during the postprocessing stage. RTE meat products such as cooked ham are completely processed prior to final packaging and are consumed without further cooking, which makes them susceptible to contamination by pathogenic bacteria. Scallan et al. (2011) reported that L. monocytogenes results in hospitalization in 94 % of cases, with a death rate of 15.6 %, in the USA each year. In 2008, there was a listeriosis outbreak in Canada and 22 people died due to contamination of Maple Leaf Food products (meat products) by L. monocytogenes (CNN 2008) . The US Food and Drug Administration (FDA) maintains a ''zero-tolerance'' policy for L. monocytogenes in RTE meat products (Anonymous 1994) . RTE meats contain some salts such as sodium chloride, nitrite, and nitrate that have antimicrobial activities, but they do not inhibit growth of L. monocytogenes during storage at refrigeration temperatures (Coma 2008) .
Various methods have been proposed to control postprocessing contamination of RTE meat products, and it is found that antimicrobial coating would be one of the most innovative techniques to control growth of L. monocytogenes during storage of RTE meat. Nisin is an antimicrobial polypeptide or bacteriocin of 34 amino acids, produced by several strains of Lactococcus lactis and recognized as generally recognized as safe (GRAS) by the US FDA, as stated in the Code of Federal Regulations (CFR section 184.1538) (Millette et al. 2007 ). Nisin has been used throughout the world to preserve meat products (Chen and Hoover 2003) . Direct addition of nisin to food surfaces may lead to some loss of its activity, because it migrates towards the center of the food, which can result in an associated dilution and depletion of its effect (Nguyen et al. 2008; Quintavalla and Vicini 2002) . Also, directly added nisin may be inactivated by proteolytic enzymes in meat components such as glutathione (GSH, glutathione S-transferase) (Rose et al. 1999) . Stergiou et al. (2006) reported that the inactivation rate (%) of nisin was higher in fresh meat than in cooked meat. The authors also demonstrated that nisin showed more than 50 % inactivation after 4 days of storage in cooked meat products. Hence, microencapsulation with food biopolymers would be the best technology to retain its antimicrobial activity during storage. Alginate is one of the most widely used biopolymers for microencapsulation of bioactive compounds (nisin) due to its biocompatibility, GRAS status, and nontoxicity. Sodium alginate is the salt of alginic acid, a linear 1,4-linked polyuronic acid extracted from brown seaweed (Pawar and Edgar 2012) . Microencapsulated compounds are released from the alginate matrix by diffusional processes that are facilitated by the action of the polymeric network (Goh et al. 2012 ). In our current study, alginate-cellulose nanocrystal (CNC) matrix (reported in our previous study, Huq et al. 2012) was used for microencapsulation of nisin. CNCs are a cellulose-based nanomaterial composed of nanoparticles with rod-like shape. CNCs are a new nanomaterial in the food industry and have been found to be nontoxic (Alexandrescu et al. 2013) . Thus, microencapsulation of nisin in alginate-CNC microbeads would provide an innovative antimicrobial vehicle for RTE meat products against L. monocytogenes.
The aim of this study is to evaluate the potential of alginate-CNC microbeads containing nisin to inhibit growth of L. monocytogenes over time. Firstly, chemical characterization of alginate-CNC microbeads containing nisin was carried out by Fourier-transform infrared (FTIR) analysis. Then, the antimicrobial activity of free and microencapsulated nisin against L. monocytogenes was evaluated using an in vitro model (nisin bioassay) for different concentrations of nisin (16, 31, and 63 lg/ml). The antimicrobial efficiency of free nisin and microencapsulated nisin was also evaluated in situ using ham as an RTE meat model during storage at 4°C. Thirdly, the physicochemical characteristics (pH and color) of ham samples coated with microbeads were evaluated during 28 days of storage at 4°C.
Materials and methods

Materials
Sodium alginate (alginic acid sodium salt from brown algae; guluronic acid *65-70 %, mannuronic acid content *5-35 %), calcium chloride (granules), and lactic acid were purchased from Sigma Aldrich Canada Ltd. (Oakville, ON, Canada). CNC was supplied from FPInnovations, produced at their pilot plant (Pointe-Claire, QC, Canada) from commercial bleached softwood kraft pulp (Dong et al. 1998) . Nisin (Niprosin TM , purity 2.5, 77.5 % salt, 20 % vegetable protein; Profood, Naperville, IL, USA) was purchased from Profood International Inc. Brain heart infusion (BHI) broth and Palcam agar were purchased from Alpha Biosciences Inc. (Baltimore, MD, USA). Preservative salts such as sodium chloride, triphosphate, erythorbate, and nitrite salts were delivered from BSA Food Ingredients (St-Leonard, Quebec, Canada). Ground lean pork meat was purchased from a local grocery store (IGA, Laval, Quebec, Canada).
Preparation of nisin solution
Different concentrations of nisin (0.25, 0.5, and 1 % w/v) were prepared by dispersing Niprosin TM powder in 100 ml 0.01 M CaCl 2 solution, and the pH of the nisin-CaCl 2 solution was adjusted to 3-3.5 using diluted lactic acid. Nisin-CaCl 2 solution was stirred overnight for proper mixing. After stirring overnight, the nisin-CaCl 2 solution was centrifuged for 15 min at 3,500 9 g at 4°C to remove undissolved particles, and the nisin-CaCl 2 supernatant was collected.
Microencapsulation of nisin
Aqueous suspension was prepared by dissolving 3 % (w/v) of alginate in deionized water for 24 h under magnetic stirring. A 1 % (w/v) CNC suspension was prepared by dispersing spray-dried CNC powder in deionized water under magnetic stirring. Then, the CNC suspension was subjected to ultrasonication (Qsonica Q-500; Misonix, Qsonica, LLC, Newtown, CT, USA) at 1,000 J/g of CNC. A 5 % (w/w) CNC from 1 % CNC suspension (according to wt% of alginate) was homogenized using an Ultra-Turrax TP18/1059 homogenizer (Janke and Kunkel, Staufen, Germany) at 23°C and 25,000 rpm for 1 min. The different concentrations of nisin-CaCl 2 solution (16, 31, and 63 lg/ml) were mixed with alginate-CNC suspension (alginate-CNC:nisin-CaCl 2 = 75:25) to form antimicrobial gel microbeads according to Rajaonarivony et al. (1993) . The activity of free nisin over time was also verified for comparison with the microencapsulated nisin. Free nisin solution was prepared in distilled water without CaCl 2 following the same procedure. The formulations are presented as follows: N1-16 lg/ml (free nisin); N2-31 lg/ml (free nisin); N3-63 lg/ml (free nisin); N1-E16 lg/ml, microencapsulated 16 lg/ml nisin; N2-E31 lg/ml, microencapsulated 31 lg/ml nisin; N3-E63 lg/ml, microencapsulated 63 lg/ml nisin.
Fourier-transform infrared (FTIR) spectroscopy analysis for alginate-CaCl 2 -nisin complex FTIR spectra of nisin microencapsulated in alginate microbeads were recorded using a Spectrum One spectrophotometer (PerkinElmer, Woodbridge, ON, Canada) equipped with an attenuated total reflectance (ATR) device for solid analysis and a high-linearity lithium tantalate detector. Spectra were analyzed using Spectrum 6.3.5 software. Microbeads were dried onto a zinc selenide crystal for 15-20 min, and the analysis was performed within the spectral region of 650-4,000 cm -1 with 64 scans recorded at 4 cm
resolution. After attenuation of total reflectance and baseline correction, spectra were normalized with a limit ordinate of 1.5 absorbance units.
Bacterial culture
Five strains of L. monocytogenes HPB [Health Canada, Health Products and Food Branch (HPB), Ottawa, Canada] were used in this experiment. All bacterial strains were isolated from contaminated food samples: HPB 2558 1/2b from beef hot dogs, HPB 2818 1/2a from homemade salami, HPB 1043 1/2a from raw turkey, 2569 1/2a from cooked cured sliced turkey, and HPB 2371 1/b from raw turkey. The microorganisms were kept frozen at -80°C in BHI broth containing glycerol (10 % v/v). Before use, the stock cultures were propagated twice through two consecutive 24-h growths in BHI broth at 37°C to obtain working cultures containing approximately 10 9 colony-forming units (CFU)/ml.
BHI-agar deep-well model to evaluate depletion activity of nisin
The BHI-agar deep-well model was adapted from Bi et al. (2011a) . To prepare the BHI-agar deep-well model for nisin depletion testing, a solution containing BHI solids (3.7 %) and agar (1.0 %) was autoclaved for 20 min at 121°C. The solution (225 ml) was then poured into a 600-ml beaker to height of 40 mm. After gel solidification, four wells (from gel surface to bottom) were made in each beaker using a 7.0-mm pipette tip. Subsequently, 1.0 ml of each concentration of free and microencapsulated nisin preparation was added to each well. After immediate addition of free and microencapsulated nisin at day 0 and after 1, 7, 14, 21, and 28 days of storage at 4°C, a 100-ll aliquot of each nisin preparation was transferred from the well to a bioassay plate to determine the available nisin content. Figure 2 presents the BHI-agar deep-well method.
Nisin bioassay against L. monocytogenes Activity of microencapsulated and free nisin, either freshly prepared or stored according to the BHI-agar deep-well model, was determined as described by Pongtharangkul and Demirci (2004) with some modifications. BHI-agar with Tween 20 (1.0 %) was prepared and autoclaved. After cooling, the solutions were inoculated with 1.0 % (v/v) BHI broth containing L. monocytogenes (10 6 CFU/ml). Inoculated broth (25 ml) was added to each Petri dish plate (95 mm 9 15 mm) and allowed to solidify. Thereafter, holes of 7.0 mm diameter were made and 100 ll microencapsulated or non-microencapsulated nisin preparation was added to each agar well. The plates were incubated for 24 h at temperature of 37°C, and the area of the inhibition ring was measured to determine the activity against L. monocytogenes.
To evaluate the available nisin (0-63 lg/ml), a standard curve was obtained by measuring the area of inhibition rings of nisin depletion (Bi et al. 2011b) . During storage, the available nisin (lg/ml) was calculated from the regression equation of the standard curve.
Preparation of ham samples
Ham was prepared following a model developed in our laboratories (Dussault et al. 2014) . Ground lean pork was cooked in presence of different preservatives such as sodium chloride (1.5 %), tripolyphosphate (0.43 %), sodium erythorbate (750 ppm), and sodium nitrite (50 ppm) salts for 1 h at 162.7°C in a cooking oven. After cooking, the ham was removed from the oven and placed at 4°C for 24 h. Then, the cooked ham was sliced, and 8 ml of free or microencapsulated nisin was spread over each ham slice. On the day of inoculation of L. monocytogenes into ham, 1 ml of each culture of five strains of L. monocytogenes were combined. The mixed culture was then diluted 10 4 -fold in peptone water to prepare an inoculation solution (between 10 4 and 10 5 CFU/ml). A volume of 500 ll of the contamination solution was then poured onto the top of each coated ham slice and spread by rotating the Falcon tubes for 15 s to achieve a final concentration of 10 3 CFU/g of ham. Then, the samples were vacuum packaged within 24 h of production. The samples were stored at 4°C for up to 28 days. Ham samples were periodically taken for microbial analysis during the storage time.
Microbiological analysis
Each ham sample was homogenized for 1 min in sterile peptone water (0.1 % w/v) in a Stomacher 400 laboratory blender (Seward Medical, London, UK).
From this homogenate, appropriate serial dilutions were prepared in 0.1 % peptone, and 100 ll of each dilution was spread onto a Palcam plate. Palcam agar supplemented with antibiotics acriflavine (5 mg/ml), polymyxin B (10 mg/ml), and ceftazidime (8 mg/ ml) was used for selective enumeration of L. monocytogenes. The plates were incubated at 37°C for 48 h. Following incubation, the CFU were counted using a magnifier. The detection limit for all microbial analyses was 50 CFU/g of meat. All bacterial counts were transformed to logarithmic (log 10 ) values.
pH measurement of ham samples
The pH value of ham coated with microencapsulated or free nisin was determined during storage at 1, 14, and 28 days (Giatrakou et al. 2010) . Cooked ham samples (10 g) were blended with 90 ml distilled water for 1 min using a blender (IKA-Laboratory T-25, Germany), and the pH values were determined with a pH meter (Accumet Basic AB15; Fisher Scientific, ON, Canada). The pH meter was calibrated with standard buffer solution (pH 4 and 7).
Color measurement of the ham samples
Color measurements were performed on ham surface coated with microencapsulated and free nisin using a Colormet (Instrumar Ltd., Newfoundland, Canada) using the CIELAB system. Measurements were taken three times on each sample, and the mean values were used to determine the color coordinates L * , a * , b * , where the L * axis represents the lightness from black (L * = 0) to absolute white (L * = 100), the a * axis varies from green (-) to red (?), and the b * axis varies from blue (-) to yellow (?) (Giroux et al. 2001 ).
Statistical analysis
To validate the results obtained during different experimental procedures, each analysis was carried out in triplicate in a completely randomized experimental design. Analysis of variance (ANOVA) and Duncan's multiple-comparison tests were used to compare all results. Differences between means were considered significant when the confidence interval was smaller than 5 % (P B 0.05). The analysis was performed using PASW Statistics 19 software (IBM Corporation, Somers, NY, USA).
Results and discussion
ATR-FTIR analysis of alginate-CNC microbeads containing nisin ATR-FTIR was used for structural analysis of microencapsulated nisin. Figure 1 shows the FTIR spectra of Ca-alginate-CNC microbeads containing 16, 31 or 63 lg/ml nisin. For alginate-CNC microbeads without nisin (Fig. 1a-i) , characteristic absorption bands were observed at 3,600 to 3,200 cm -1 (due to O-H stretching vibration), 2,934 cm -1 (C-H stretching vibration), 1,599 cm -1 (asymmetric and symmetric COO -stretching vibration), and 1,401 cm -1 (symmetric COO -stretching vibration). In previous study, a slight increase of the typical sharp peak at 3,335 cm -1 was observed, being ascribed to O-H vibration of crystalline CNC, suggesting an increase of hydrogen bonding between alginate and CNC (Huq et al. 2012) .
Nisin-incorporated microbeads showed O-H stretching vibration band narrowing. Typical characteristic peaks for nisin were found around 1,599 cm -1 due to CO-NH bending vibration (peptide bonds) and 1,401 cm -1 due to C-H bending vibration (hydrocarbon chains). Thus, the peaks around 1,599 and 1,401 cm -1 of alginate-CNC microbeads with nisin became sharper and shifted to higher wavenumber (Fig. 1a-ii, iii, iv) . In addition, the absorption area in Fig. 1 a FTIR spectra of i control polymer (alginate-CNC microbeads); ii N1-E16 lg/ml (alginate-CNC microbeads with 16 lg/ml nisin); iii N2-E31 lg/ml (alginate-CNC microbeads with 31 lg/ml nisin); iv N3-E63 lg/ml (alginate-CNC microbeads with 63 lg/ml nisin). b ATR-FTIR spectra in the
the region from 1,718 to 1,497 cm -1 also reduced (from 100 to 89) with addition of nisin (from 16 to 63 lg/ml) (Fig. 1b) . The decrease in this area could be attributed to electrostatic interaction between positively charged nisin and negatively charged COO -of alginate. The pK a of alginic acid (alginate) is 3.5, and the isoelectric point of nisin is 8.8; thus, during microbead preparation at neutral pH, alginate and nisin show an electrostatic interaction (Hosseini et al. 2014) . These results are also in good agreement with those of Zohri et al. (2010) , who demonstrated nisin interaction with alginate-chitosan microparticles. Similar interaction between nisin-stearic acid (Sebti and Coma 2002) and nisin-hydroxypropyl methylcellulose (Sebti et al. 2003) has also been reported (Fig. 2) .
Microencapsulated and free nisin availability during storage: in vitro assay
In the current study, the available content of free and microencapsulated nisin was evaluated using the BHIagar deep-well model (in vitro) during storage at 4°C, and the diffusion test was done by checking the inhibition ring against L. monocytogenes. BHI is a nutritious medium that supplies proteins and other nutrients to support growth of microorganisms and can be considered as a simulated in vitro food model. BHI contains infusions from calf brain and beef heart, protease and peptone, dextrose, sodium chloride, and disodium phosphate. Bi et al. (2011a, b) reported that BHI-containing broths and gels lead to rapid depletion of peptide activity.
The availability of free and microencapsulated nisin was evaluated (in vitro) by evaluation of L. monocytogenes growth inhibition using the BHIagar deep-well model during storage at 4°C. A second-order polynomial ''standard curve'' for free (N) and microencapsulated (N-E) nisin was used (Fig. 3a, b) to correlate the area of the inhibition ring with the amount of available nisin. Figure 4a , b presents the results of the available nisin content for free (N) and microencapsulated (N-E) nisin during storage at 4°C. Figure 5a , b shows a digital photograph of the agar diffusion assay against L. monocytogenes for free and microencapsulated nisin during storage. After 1 day of storage, the available nisin of N1-16 lg/ml, N2-31 lg/ml, and N3-63 lg/ml (free nisin) was 2.1, 6, and 11 lg/ml, respectively. After 14 days of storage, the free nisin formulations N1-16 lg/ml and N2-31 lg/ml drastically lost their antimicrobial activity, and the available nisin was found to be 0.12 lg/ml for both N1-16 lg/ml and N2-31 lg/ml. Formulation N3-63 lg/ml showed only 2.61 lg/ml of available nisin after 14 days of storage and lost its antimicrobial activity after 28 days of storage.
After 1 day of storage, the microencapsulated nisin formulations showed available nisin of 38, 63, and 89 lg/ml for N1-E16 lg/ml, N2-E31 lg/ml, and N3-E63 lg/ml, respectively. After 14 days of storage, the available nisin for N1-E16 lg/ml, N2- E31 lg/ml, and N3-E63 lg/ml was 21, 37, and 61 lg/ml, respectively. Thus, microencapsulation of 63 lg/ml nisin (N3-E63 lg/ml) exhibited 20 times more available nisin as compared with free nisin (N3-63 lg/ml). After 28 days of storage, all microencapsulated nisin formulations still showed available nisin, with values of 18.38, 20.59, and 31.26 lg/ml available nisin found for N1-E16 lg/ml, N2-E31 lg/ml, and N3-E63 lg/ml, respectively. Our study found increased available nisin for microencapsulated formulations during storage compared with Bi et al. (2011a, b) due to the activity of the novel carrier (alginate-CNC microbeads) for nisin. Bi et al. (2011b) found 19.4 lg/ml available nisin (initial concentration 150 lg/ml) in carbohydrate nanoparticles after 20 days of storage. However, our formulation with initial concentration of 63 lg/ml (N3-E63 lg/ml) showed strong protection during 28 days of storage, and the available nisin content was 31.26 lg/ml. This technique is interesting due to its convenient application for the target system, enabling manipulation to achieve the desired loading and retention of the antimicrobial peptide.
Antimicrobial activity of microencapsulated nisin against L. monocytogenes: in situ test
The antimicrobial effect of free and microencapsulated nisin against L. monocytogenes was evaluated using cooked ham as an RTE meat model (Fig. 6a,  b) . The effectiveness of nisin to prevent growth of L. monocytogenes was dependent on the nisin concentration. After 4 weeks (28 days) of storage at 4°C, there was no significant (P [ 0.05) difference in bacterial growth between the control ham (8.24 log CFU/g) and control ham coated with microbeads without nisin (8.25 log CFU/g) samples. The microencapsulated nisin showed better antimicrobial effect as compared with free nisin during storage. The ham slices coated with N1-16 lg/ml, N2-31 lg/ml, and N3-63 lg/ml free nisin exhibited bacterial counts of 7.18, 5.24, and 4.73 log CFU/g, respectively, after 4 weeks of storage at 4°C. Similarly, ham slices coated with N1-E16 lg/ml, N2-E31 lg/ml, and N3-E63 lg/ml microencapsulated nisin showed bacterial counts of 4.53, 3.74, and 1.69 log CFU/g, respectively, after 28 days (4 weeks) of storage at 4°C. Thus, microencapsulation of nisin significantly (P B 0.05) reduced L. monocytogenes growth by 2.65, 1.50, and 3.04 log CFU/g in presence of 16, 31, and 63 lg/ml of nisin, respectively, as compared with free nisin after 28 days of storage at 4°C. It was found that N1-E16 lg/ml showed higher log reduction than N2-E31 lg/ml. Because the nonencapsulated N1-16 lg/ml formulation did not show antimicrobial activity compared with N2-31 lg/ml after 28 days of storage. The level of L. monocytogenes was also below the detection limit (B50 CFU/g) for the microencapsulated beads containing 63 lg/ml of nisin (N3-E63 lg/ml) during the whole storage period. Microencapsulation of nisin also increased the lag phase of bacterial growth during storage. The lag phase is defined as the typically observed microbial kinetics showing a delayed response of the microbial population to a (sudden) change in the environment (Swinnen et al. 2004 ). In the current study, the formulations N2-31 lg/ml and N3-63 lg/ml (free nisin) presented a 7-day lag phase of bacterial growth, and after 7 days, the bacteria started to grow exponentially during storage. In contrast, the microencapsulated formulation N2-E31 lg/ml showed a 14-day lag phase of bacterial growth during storage, and during 28 days of storage, the formulation N3-E63 lg/ml showed bacterial count below the detection limit. The external surface of cooked ham slices acts as a primary site for contamination by L. monocytogenes during processing (slicing and packaging). Equipment, personnel, and other surfaces with which the product can come into contact become contaminated and in turn serve as secondary sources of contamination. L. monocytogenes contamination of preserved products such as cooked ham renders it a high-risk product, as pronounced uninhibited growth of the organism is a potential risk. L. monocytogenes is a psychrotrophic pathogen that is able to grow on cooked ham at refrigeration temperature of 4°C (Stekelenburg and Kant-Muermans 2001) . It is surmised that antimicrobials such as nisin when directly Fig. 5 Digital photograph of agar diffusion assay against L. monocytogenes for free (N3-63 lg/ml) and microencapsulated nisin (N3-E63 lg/ml) during storage applied to the surface may diffuse much faster throughout the product, lowering the local surface concentration to subactive levels. In addition, edible antimicrobial coatings maintain the necessary preservative concentration at the product surface for a relatively longer period of time (Coma 2008) . Nisin is a ribosomally synthesized and posttranslationally modified antimicrobial lantibiotic. It contains 34 amino acids distributed in clusters of bulky hydrophobic residues at the N-terminus and hydrophilic residues at the C-terminus (Asaduzzaman and Sonomoto 2009; Van De Ven et al. 1991) . As the nisin was microencapsulated in an alginate matrix, the hydrophilic C-terminal of nisin could engage in interaction with the hydrophilic alginate matrix, as already demonstrated by FTIR analysis. Also, the N-terminal of nisin contains two positive charges on that domain (Lins et al. 1999) . Thus, the positively charged hydrophobic N-terminal of nisin can interact electrostatically with negatively charged phosphate groups on the target cell wall precursor lipid II by forming pores (Cleveland et al. 2001) . Although there is debate regarding the type of pores formed by nisin, with most groups favoring the ''barrel-stave'' (Ojcius and Young 1991) or ''wedge'' models (Driessen et al. 1995) , the general steps involved in nisin antimicrobial activity include: (1) binding to the bacterial membrane, followed by (2) insertion of the peptide into the bacterial membrane, (3) pore formation, and (4) interactions of with group of nisin with lipid II (Karam et al. 2013) . Millette et al. (2007) revealed that nisin encapsulated in activated calcium alginate (500 IU/g) beads showed 1.77 log reduction for Staphylococcus aureus on ground beef during 14 days of storage, whereas for free nisin the authors showed 2.21 log CFU/g reduction. Juck et al. (2010) reported that alginate coating with nisin (500 IU/g) and sodium diacetate (0.25 %) on RTE turkey meat products reduced the growth of L. monocytogenes by 1.10 log CFU/g during 21 days of storage at 4°C. Nguyen et al. (2008) showed *2 log CFU/g counts of L. monocytogenes after 14 days of storage on frankfurters for nisin (25,000 IU/ml) encapsulated in a cellulose-based matrix. Comparing these results, the present study reveals that alginate microbeads with nisin (N3-E63 lg/ml) can completely inhibit bacterial growth of L. monocytogenes compared with control ham coated with microbeads, with 6.55 log reduction observed after 28 days of storage.
Effect of microencapsulated nisin on ham pH during storage RTE cooked ham samples without alginate microbeads (control ham) showed pH values of 6.3, 6.4, and 6.3 after 1, 14, and 28 days of storage, respectively (Fig. 7a) . However, cooked ham samples coated with microbeads without nisin showed pH values of 5.6, 6.1, and 6.2 at day 1, 14, and 28 of storage, respectively (Fig. 7b) . It was found that, at day 1, the alginate microbead coating significantly (P B 0.05) reduced the pH value of ham samples as compared with control ham without microbeads and without nisin. After 14 and 28 days of storage, the pH value of ham coated with alginate microbeads was not significantly (P [ 0.05) affected. Chidanandaiah et al. (2009) reported that alginate coating on buffalo meat patties did not change the pH values during storage, presenting a similar trend to our study. RTE cooked meat samples coated with free nisin (at different concentrations) showed pH values of around 6.2-6.5 up to 28 days of storage (Fig. 7a) , not being significantly (P [ 0.05) different from the control ham. Similarly, microencapsulated nisin (at different concentrations) in alginate-microbead-coated RTE cooked ham samples also showed pH values of around 6.2-6.4 (Fig. 7b) during the whole storage period (28 days). Although at day 1 the alginate microbead coating without nisin reduced (P B 0.05) the pH value (5.6), the sample coated with microencapsulated nisin microbeads showed a pH value of 6.3, similar to that of the control ham. This study reveals that free and microencapsulated nisin does not affect the pH value of cooked ham. Authors also reported that bacteriocincoated plastic packaging film did not affect the pH values of ground beef during storage (Kim et al. 2002) .
Color of RTE ham during storage
The effect of free and microencapsulated nisin on the color coordinates L * , a * , b * of RTE cooked ham was evaluated during storage, and the values are presented in Table 1A , B. In control ham samples (without nisin and without microbeads), there was no significant (P [ 0.05) change in the L * value during storage, and the mean L * value was 68. Ham samples coated with microbeads without nisin showed a higher L * value after 28 days of storage (P B 0.05) with a mean value Fig. 7 a pH Color is a significant indicator of RTE meat quality, because it is one of the most important features influencing evaluation of meat by the consumer. Although myoglobin is the principal protein responsible for meat color, hemoglobin and cytochrome C can also play a role in meat color. Myoglobin is a water-soluble protein containing eight ahelices (A-H) linked by short nonhelical sections (León et al. 2006; Chmiel et al. 2011; . During food processing or storage, oxygen in air can bind with myoglobin molecules of exposed meat surfaces to form oxymyoglobin by oxidation. This pigment gives meat its bright-red color (Giroux et al. 2001) . reported that cooked pork developed a red or dark-pink color during storage. Our present findings reveal that coating with (both free and microencapsulated) nisin could reduce this oxidation of stored cooked ham due to vacuum packaging (96 % vacuum, 4 % air) of the RTE meat samples throughout the experiment. Indeed, nitrite salts (used at 50 ppm in the current study) are often added to meat, especially cured meats, as they form an irreversible red complex with hemoglobin or myoglobin, thus hiding any browning or oxidation effects and erroneously giving the impression to the customer that the meat is fresh (Sindelar and Milkowski 2011) .
Conclusions
The major finding of this work is that alginate-CNC microbeads microencapsulating nisin can be used as an edible coating for RTE cooked ham to inhibit growth of L. monocytogenes during storage. Microencapsulation of nisin (63 lg/ml) increased the lag phase of bacterial growth up to 28 days. Molecular characterization revealed the interaction between alginate-CNC and nisin, also demonstrating the better activity retention of microencapsulated nisin during storage. Our findings further establish the importance of microencapsulation of antimicrobial agents compared with the conventional, direct addition method.
